The crown and stem characteristics of 15 Eucalyptus nitens trees from a 22-yearold thinning trial in north-eastern Tasmania were examined. The trial had been thinned 16 years previously. Trees from thinned plots showed strong asymmetry in the distribution of crown biomass around the stem, with the highest proportion of biomass found in the north-east quadrant. No direct link was found between crown biomass distribution and stem eccentricity. The direction of pith eccentricity at 3.0 m height was confined to the north-west and south-east sectors for stems from both thinned and unthinned stands; the degree of non-circularity in stems at 3.0 m height was strongly related to the ratio of DBHob:total height².
Introduction
Stem shape is a crucial variable that determines the recovery of high-value products from eucalypt logs (Shi & Walker 2006) . Automated sawing and rotary peeling systems require circular logs with centred pith and knotty core and eccentric veneer logs must be made circular before veneer sheets can be produced (Blakemore et al. 2010) . Eccentric logs can be indicative of the presence of reaction wood which adversely affects the surface of veneers after sanding (Shi & Walker 2006) .
Thinning of eucalypt plantations is an accepted silvicultural practice to improve growth rates of individual trees (Forrester et al. 2010 , Montagu et al. 2003 , Wood et al. 2009 ). Thinning reduces the length of the rotation to reach a target range of log size and improves volume recovery from the desired logs. Both of these outcomes have been shown to improve the financial viability of eucalypt plantations managed for sawlog production (Wood et al. 2009 ). While the benefits of thinning in terms of individual log volume are accepted, its effects on the quality of the wood produced are less well-defined. Given the pivotal role that thinning plays in the management of sawlog plantations, it is important to understand more fully the interaction between thinning and wood quality.
Thinning lowers inter-tree competition and improves the growth of retained trees by allowing greater exposure of crowns to light and of roots to the available soil water and nutrient supply (Braeda et al. 1995 , Ginn et al. 1991 , McDowell et al. 2003 , Medhurst et al. 2002 , Medhurst & Beadle 2005 . However, the opening of a stand by thinning also brings greater exposure to wind, potentially affecting wood quality because of the development of tension wood through increase in dynamic loading. Previous work found that trees in a thinned stand of Eucalyptus nitens were developing asymmetrical crowns by mid-rotation , and that thinning of unfertilized E. globulus plantations at age 8 years to 200 stems per hectare (ha -1 ) resulted in significant increases in the levels of tension wood in the lower stem (Washusen et al. 2005) . The combination of changed dynamic and static loads on the stems of retained trees after thinning could potentially lower the quality of sawlogs from these plantations.
Direct studies of the effect of crown asymmetry on wood properties are uncommon. Previous work has focused on ecological aspects of asymmetry, such 4 as the competitive advantage it confers (Brisson 2001 , Mizunaga & Umeki 2001 , Rouvinen & Kuuluvainen 1997 , Umeki 1995 , Umeki 1997 . However, links between crown asymmetry and spiral grain have been shown for both conifer (Eklund & Sall 2000 , Skatter & Kucera 1998 and eucalypt (Thinley et al. 2005) species. Crown asymmetry increases the propensity for treefall (Young & Hubbell 1991) and stem breakage (Skatter & Kucera 2000) , but there is no clear effect on stem buttressing (Lewis 1988 , Young & Perkocha 1994 . The influence of the direction of incoming solar radiation on crown asymmetry , Rouvinen & Kuuluvainen 1997 and the extent to which this leads to changes in the physical properties of wood is not well understood.
Information on the link between silviculture and wood quality in eucalypt plantations managed for solid wood remains scarce. Tension wood is an issue in
Eucalyptus globulus
Labill. plantations as it results in excessive longitudinal and transverse shrinkage when sawn boards are dried, with associated reduction in recovery and product value (Washusen 2002) . The causes of development of tension wood are unclear but may be linked to phototropism where stems re-align to re-position the crown in a more favourable light environment (Matsuzaki et al. 2006 , Washusen & Ilic 2001 . Exposure to wind may produce stem bending which is counter-acted by the production of tension wood (Washusen 2002) . Stem shape, which can alter under thinning treatment (Baldwin Jr et al. 2000 , Pape 1999 ), has also been associated with tension wood; buttressed E. globulus trees were found to be more likely to have tension wood than non-buttressed trees (Washusen 2002) . There are indications that tension wood occurrence is lower in trees with lower aspect ratio (height:DBHob) (Washusen 2002 ). An indication from previous work is that E. nitens may have pronounced asymmetrical crowns by the end of rotation. Thus the development of crown asymmetry and the exposure of retained trees to greater wind loads after thinning may lead to the production of asymmetrical growth rings and tension wood. Greater longitudinal growth strain on the western aspect of E. nitens trees (Valencia et al. 2011) suggests that dynamic loading from prevailing winds can influence wood quality.
This study quantifies crown biomass distribution and stem cross-sectional eccentricity of E. nitens in thinned and unthinned stands at the end of a sawlog rotation, 16 years after thinning.
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Materials and Methods
Study site
The Goulds Country thinning trial (41 05' °S 148 06' °E) was located at an altitude of 120 m above sea level (asl) in Tasmania A mean annual rainfall of 1000 mm was estimated for the Goulds Country site (Gerrand et al. 1997 retained plus an unthinned control.
All of the treatment plots were waste thinned to final stocking. Two of the four replicates in each treatment were pruned. Pruning was achieved in a single lift operation to 6.4 m height at age six years. The growth response to thinning to age 18 years at the Goulds Country site has been previously documented (Gerrand et al. 1997 . Tasmania to improve the growth of individual trees throughout a 20-25 year rotation and to maximise the utilisation of site resources .
Field measurements
Sampling was confined to pruned plots. To ensure sampling across the range of tree sizes, the diameter distribution from each thinning treatment was divided into four equal classes and two trees were selected at random from each of the classes.
However, there was only one tree in the lowest diameter class in the 200 stems ha -1 treatment.
For each tree, diameter at breast height over bark (DBHob at 1.3 m height) and at 0.4 m was measured and magnetic north was marked on the stem. The tree was then felled and measured for total height and height to green crown base (point of emergence of lowest live branch). Over-bark stem diameters and bark thickness measurements were taken at regular intervals up each stem (Wang et al. 2007 ).
The green crown length was divided into three equal zones (lower, middle and upper). These crown zones were marked on the stem and stem diameters measured at these points. For each zone, the diameter of all live branches was measured at 40 mm from the stem. Angle from the vertical (to the nearest 5 degrees) and azimuth sector (north-east, east-south, south-west and west-north) was recorded for each live branch on each of the sampled trees. The branch diameters from each zone were divided into five equal classes. Three branches were selected from the smallest, middle and largest of the five diameter classes.
The selected branches were marked at 100 mm, excised at the stem junction, labelled and placed in plastic bags for transport to the laboratory. The branches were stored at 4 °C for a maximum of five days before processing. Using a chainsaw, 50-mm wood discs were collected for growth ring asymmetry and sapwood measurements from each tree. Three disks per tree were taken from the bottom pruned log (base of pruned log at 0.4 m; top of pruned log at 6.1 m and middle of pruned log at 3.0 m). Cardinal directions were marked on the top side of each disk.
Laboratory measurements
Leaf area
The leaves of each harvested branch were removed, leaving the petiole on the branch; leaf wet weight was measured and recorded. A sub-sample of 20 leaves was taken which represented the range of leaf size and age on the branch. These leaves were measured for projected area using a leaf area meter (Delta-T Devices
Limited, Cambridge, UK). After area measurement, the sub-samples were dried to constant weight at 35 °C and then weighed. The sub-samples were then dried to constant weight at 65 °C and the weight was recorded. The remaining leaves (the bulk sample) were placed in a brown paper bag and dried at 35 °C until constant weight was reached. The dry weight (65 °C) of leaves on each branch was calculated using the 35 °C:65 °C weight ratio from the sub-sample. The weights of the sub-samples were used in conjunction with their area measurement to calculate specific leaf area (leaf area:leaf weight, m² kg -1 ) for each branch. This figure was then applied to the total weight (bulk sample plus sub-sample) for each branch to estimate branch leaf area.
Branch dry weight
The length of each branch was measured and recorded. The length of branch which carried foliage was also measured and recorded. Branch parts were cut into approximately 10 cm lengths using a bandsaw and the branch wet weight was measured. A representative sub-sample of branch material (approximately 10 % of total branch wet weight) was selected and also weighed. The remaining (bulk sample) branch material was placed in paper bags and dried to constant weight at 35 °C. The 35 °C weight of each bulk sample was recorded. The sub-sample was also dried to constant weight at 35 °C and this weight recorded. The sub-sample of each branch was then dried to constant weight at 65 °C. The total branch dry weight (65 °C) was calculated using the 35 °C:65 °C weight ratio of each subsample.
Crown biomass distribution
The effect of thinning and crown zone on the relationships between natural logarithms of branch cross-sectional area and leaf area, leaf weight, branch 8 weight and branch length was explored using group regression to test if slopes and intercepts varied significantly. S-Plus 2000 (Venables & Ripley 1999) was used for the analysis. The resulting models from the above analysis were used to estimate leaf area, leaf weight, and branch weight for each branch of the sampled trees. Values were summed to give total, azimuthal and vertical crown zone estimates per tree.
Stem eccentricity and out-of-roundness
Pith eccentricity was measured at a height of 3.0 m (PE 3m ) and at the crown base (PE cb ) for disks from the 200 stems ha -¹ treatment and unthinned control. A scaled digital photograph was taken of each disk to allow growth-ring analysis using computer imagery software. Each disk was planed with an electric planer before photographing to improve ring boundary identification. The pith of each disk was drilled out before being placed on a centre bolt on a board. Additional bolts at known distances on the four corners of the board (500 x 500 mm) were used to correct the photo for lens distortion. Photographs were taken using a Nikon
Coolpix 8700 (Nikon Corporation, Tokyo, Japan). Photograph correction, growth ring digitisation and analysis were carried out using the G2Ring software package (Pont et al. 2007 ). G2Ring was used to identify and digitise growth rings ( Figure   1 ). Output from the software included cumulative growth ring radii for every 0.5 degrees azimuth. This allowed an analysis of (1) the extent and development of pith eccentricity with time, and (2) the direction in which the pith eccentricity was developing.
The cumulative geometric mean radius of each disk was calculated (r mean;i ) for each year i. The azimuth that had the maximum difference in radius from the geometric mean was then identified r max;i . Pith eccentricity of each year i (PE i ) was expressed as the difference between the pith centre and the geometric centre as a percentage of the geometric diameter of the disk;
The out-of-roundness of each disk or roundness deviation (RD) was expressed as the proportion of disk cross-sectional area that was outside the largest perfect circle that could fit inside the disk. This was determined for each disk using the corrected photographs and image processing and analysis software package, ImageJ (http://rsb.info.nih.gov/ij/).
Firstly, a polygon was created around the edge of the disk in the scaled photograph. This was used to calculate the total cross-sectional area of the disk. A perfect circle was then drawn inside the disk and visually adjusted so that the largest circle possible was created. The area of this circle was then calculated using ImageJ. This enabled the proportion of disk lost to non-circularity to be calculated.
Longitudinal growth strain
Peripheral longitudinal growth strain (LGS) was measured on 14 of the 15 study trees, using a Cirad-Fôret growth strain gauge. The LGS measurements were taken as part of a larger study examining the use of LGS as a predictor of sawlog quality, which measured a further 66 trees in the trial (Valencia et al. 2011) . Four measurements per tree were taken at a stem height of 1.3m. For the present study, the four LGS measurements were averaged to provide a mean LGS value per tree. Valencia et al. (2011) found that LGS of trees on the north-western and southwestern aspects of the stems was significantly greater than LGS on the eastern aspect. To further examine the relationship between LGS and the expression of wood properties, the western LGS (LGS west ) of each tree was calculated as the mean of the NW and SW measurements.
Data analysis
The effect of thinning treatment on a range of external and internal stem characteristics was explored using analysis of variance. Data on crown biomass aspect were pooled for each tree into northern and southern aspects and directional asymmetry of crown biomass was tested for each thinning treatment using a two-sample t-test with assumed equal variance.
Stem and branch dry mass were calculated assuming a wood basic density of 500 kg m -1 (Kube & Raymond 2002) .
Crown projection area was calculated by using branch length and angle to calculate the horizontal projection length of each branch. The greatest horizontal projection length from each of the quadrants was used to calculate crown projection area.
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The significance of both pith eccentricity and deviation from roundness at 3.0 m stem height of each treatment was examined using a one-sided t-test where the null hypothesis was that the true mean of each of these two variates was zero.
A stem shape index (Moore & Maguire 2005) , expressed as DBHob:height², was used to explore relationships between stem shape and cross-sectional stem eccentricity. The relationships between PE 3m , LGS west and crown dry biomass on the eastern aspect were explored using linear regression.
Results
Stem characteristics
The sampling of trees for the crown architecture measurements spanned the diameter range of the 200 stems ha -1 thinned treatment and the unthinned control.
This meant that the trees from the 200 stems ha -1 treatment had significantly greater mean height and DBHob, than those from the unthinned control (p < 0.05, Table 1 Table 1 ).
Crown characteristics
There was no significant difference between treatments in the height of the first green branch; this resulted in a significantly greater live crown ratio in the (taller)
trees from the 200 stems ha -1 treatment (p < 0.05, Table 2 ).
Crown projection area ranged between 9.8 and 71.7 m² for the 200 stems ha -1 treatment and between 4.0 and 55.6 m² for the unthinned control.
Mean crown biomass (foliage and branches combined) was significantly greater in the 200 stems ha -1 treatment (181 kg) than the unthinned control (69 kg, Table 2 ).
However, the mean ratio of crown to stem biomass was similar across the two treatments, 0.22 and 0.19 for the 200 stems ha -1 and control, respectively.
Crown biomass distribution
The relationship between total crown dry mass and DBHob was best described Pith eccentricity at crown base (PE cb ) showed some treatment differences in the direction of eccentricity (Figure 6b ). The direction of PE cb in the 200 stems ha -¹ treatment was confined to between the west-south-west and the north-northwest, approximating the north-west quadrant. In contrast, the PE cb of the trees from the unthinned control was not concentrated in any one quadrant (Figure 6b ).
Stem out-of-roundness
Roundness deviation (RD) decreased with age at 3.0 m height for both treatments from approximately 7 % at age 7 years to approximately 4 % at age 22 years ( Figure 7 ). The extent of RD at age 22 years was significant for the 200 stems ha -¹ treatment but not for the unthinned control. There were no obvious differences in the pattern of change in RD with time between treatments (Figure 7) . While there was a tendency for RD at age 22 years to decrease with stem size, this was not significant (p = 0.143). A significant relationship was found between the extent of RD and the ratio of DBHob:height² (Figure 8 ).
Longitudinal growth strain and competition
LGS was positively correlated with DBHob at age 22 years for the small sample of trees used for the study (p = 0.009; r² adj. = 0.40). However the relationship was stronger between LGS west and the crown dry biomass on the opposing, eastern aspect (p = 0.0042, r² = 0.51). The difference in LGS between the western and eastern aspects was not influenced by the difference in crown dry mass between the same aspects (p = 0.413).
There was no significant relationship between LGS and pith eccentricity at 3.0 m height or crown break (p = 0.616 and 0.184, respectively).
Discussion
Thinning to 200 stems ha -¹ at an early age led to significant crown biomass asymmetry by the end of the rotation in this E. nitens plantation. Two-thirds of crown biomass, on average, was on the northern aspect of each tree in the 200 stems ha -¹ treatment while the distribution between north and south was more even in the unthinned control. This supports the earlier finding of crown asymmetry in this species and suggests that competition for incoming solar radiation was an important factor behind the growth response to thinning, with the retained trees producing more biomass on the better-lit northern aspect.
While stem eccentricity both in the form of pith eccentricity and non-circularity was observed, no direct link was found between crown symmetry and stem eccentricity. For crown asymmetry to affect pith eccentricity, the direction of pith eccentricity would be expected to align with the aspect displaying the greatest proportion of crown biomass. No such alignment was present in the trees sampled.
This supports the suggestion of (Bruchert 2000) that the static loading of crown mass has minimal influence on the cross-sectional shape of tree stems. The dynamic loading of wind events and the resultant bending stresses are suggested to play a major role in determining stem shape and physical properties (e.g. (Stokes & Berthier 2000) . Two outcomes from the present study support the notion that wind exposure can influence stem characteristics in Eucalyptus (Washusen 2002) . Firstly, the measured pith eccentricity was confined to the north-eastern and south-eastern aspects. These are the major directions of stem flex and sway that would be expected at this site given that prevailing winds are 14 from the north-west. Secondly, there was a strong link between the extent of cross-sectional out-of-roundness and a stem taper index defined by DBHob:height². This index can be viewed as a measure of stem stability (Moore & Maguire 2004 ) and ability to counteract movement from strong wind events.
The present study showed that the more slender trees exhibited greater out-ofroundness.
LGS west was positively correlated with the crown dry mass on the opposite aspect.
However, the asymmetrical crown dry mass distribution and the prevailing wind direction are confounding factors in this study and it is therefore difficult to establish how much the static load of the eastern crown mass contributes to the uneven LGS distribution around the stem (Valencia et al. 2011 ). There was no significant relationship between the difference in crown mass between the eastern and western aspects and the difference in LGS between the same two aspects. This finding suggests that crown dry mass asymmetry has little effect on LGS distribution around the stem. The dynamic loading from the prevailing wind is likely to be a larger factor in determining asymmetrical LGS (Valencia et al. 2011 ).
Pith eccentricity and/or out-of-roundness (non-circularity) of logs can be expected to affect wood recovery. While pith eccentricity tended to increase with age, log size or thinning treatment had no effect on its expression.
A mean pith eccentricity of 10 % at the end of the rotation was found in this study. However, as there is no standard measure of pith eccentricity and few published values, it is difficult to know if this value is at the high or low end of the range found in eucalypt plantations. Non-circularity, or out-of-roundness, at a height of 3.0 m tended to decrease with time and the pattern was not affected by thinning treatment. In a study of non-circularity in thinned Pinus sylvestris, reported values were less than 10 % and considered not commercially significant (Makinen 1998) . The mean non-circularity value of 7 % found in the present study might therefore be considered low. In light of other factors limiting recovery from E. nitens sawlogs such as end-splitting, collapse and checking (McKenzie et al. 2003 , Washusen et al. 2009 , Yang & Waugh 2001 , it is unlikely that non-circularity would have a significant impact on sawing recovery rates from thinned E. nitens plantations. Nevertheless, such levels of non-circularity and pith eccentricity may prejudice recovery of rotary veneer as circular billets are required to maximize productivity. Regression line generated using pooled data (r² = 0.75).
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